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FOREWORD 
This document was prepared by the Martin Marietta 
Corporation under Contract NAS 9-9336, "Final Analysis/ 
Design and Prototype Construction of a Selected Mobility 
and Restraint Device", for the Manned Spacecraft Center 
of the National Aeronautics and Space Administration. 
This document defines the floor specifications to be 
used with the prototype footwear delivered under this 
contract. 
CONTENTS 
Foreword . . . . . . . . . . . . . . . . . . . . . . . . . 
Contents . . . . . . . . . . . . . . . . . . . . . . . . . 
I n t r o d u c t i o n . . . . . . . . . . . . . . . . . . . . . . .  
Magnetic Characteristics . . . . . . . . . . . . . . . . . 
Analysis. . . . . . . . . . . . . . . . . . . . . . . . 
Conclusions . . . . . . . . . . . . . . . . . . . . . . .  
Applicable Formulas . . . . . . . . . . . . . . . . . . . 
Symbols . . . . . . . . . . . . . . . . . . . . . . . . . 
References . . . . . . . . . . . . . . . . . . . . . . . . 





Basic Magnetic Circuit . . . . . . . . . . . . 
BM-4974 Pull Characteristic Curve . . . . . . 
Magnetizing Curves of Various Magnetic 
Materials . . . . . . . , . . . . . . . . . .  
Armature Design Curve for BM-4974 Magnet 
Assembly . . . . . . . . . . . . . . . . . . . 
BM-4974 Pull Characteristic Curve Comparing 
Calculated and Empirical Results . . . . . . . 
Table 
1 Permeabilities of Pure Annealed Iron and 
Cold Rolled Steel at Various Flux Den- 












Magnetic c i r c u i t  d e s i g n  r e q u i r e s  f a m i l i a r i t y  w i t h  bo th  mag- 
n e t i c  and mechanical  c h a r a c t e r i s t i c s  o f  f e r r o  magnet ic  m a t e r i a l s .  
Of ten  t h e  mechanical  p r o p e r t i e s  o f  a  magnet ic  m a t e r i a l  w i l l  have 
a s  g r e a t  an  i n f l u e n c e  a s  i t s  magnet ic  p r o p e r t i e s .  By v a r y i n g  t h e  
b a s i c  d e s i g n  p a r a m e t e r s  o f  a  magnet ic  c i r c u i t  ( t h e  permanent mag- 
n e t ,  t h e  a i r  gap,  and t h e  a r m a t u r e ) ,  s e v e r a l  s o l u t i o n s  a r e  a v a i l -  
a b l e  f o r  a  r e q u i r e d  r e s u l t .  
T h i s  r e p o r t  w i l l  s t a t e  t h e  l i g h t e s t  we igh t  f l o o r  o r  arma- 
t u r e  c o n f i g u r a t i o n  t o  be compat ib le  w i t h  t h e  m o b i l i t y  and r e s -  
t r a i n t  footwear  known a s  t h e  s h u f f l e r s  des igned  and developed 
under  C o n t r a c t  NAS 9-9336. It w i l l  be handled i n  t h r e e  p a r t s ,  
an  i n t r o d u c t i o n  t o  t h e  magnet ic  a n a l y s i s ,  t h e  a n a l y s i s  i t s e l f ,  
and t h e  f i n a l  d e s i g n  s p e c i f i c a t i o n .  
I. MAGNETIC CHARACTERISTICS 
P r i o r  i n v e s t i g a t i o n  has  r e v e a l e d  t h e  b e s t  permanent magnet 
m a t e r i a l  f o r  our  a p p l i c a t i o n  i s  Indox V because  of i t s  h i g h  p u l l  
s t r e n g t h  - s m a l l  volume r e l a t i o n s h i p .  With t h i s  i n  mind, t h e  
magnet ic  c i r c u i t  d e s i g n  w i l l  be c e n t e r e d  i n  t h e  a r e a  of t h e  a i r  
gap and t h e  a rmature  t o  be used w i t h  t h e  magnet, From t h e  f i n a l  
r e p o r t  we f i n d  we need a  15 l b  a t t r a c t i v e  f o r c e  i n  t h e  h e e l  a r e a  
of t h e  s h u f f l e r .  T h i s  w i l l  be t h e  b a s i s  f o r  t h e  magnetic c i r c u i t  
d e s i g n .  
I n  g e n e r a l ,  magnet ic  c i r c u i t s  u s i n g  permanent magnets have 
t h r e e  e lements  a s  shown i n  F i g u r e  1: t h e  permanent magnet, t h e  
u s e f u l  a i r  gap,  and a n  i r o n  a rmature  t h a t  p r o v i d e s  a p a t h  f o r  t h e  
f l u x  t o  f o l l o w .  The a rmature  o f  a magnet ic  c i r c u i t  may be des -  
c r i b e d  a s  t h e  f e r r o u s  m a t e r i a l  ( i n  our  c a s e ,  t h e  f l o o r )  t o  which 
t h e  magnet a t t r a c t s  i t s e l f .  The a i r  gap i s  due t o  a s e p a r a t i o n  
from t h e  a rmature  o r  any nonconduct ive  m a t e r i a l  introduced b e t -  
ween t h e  a r m a t u r e  and magnet. I n c r e a s e d  a i r  gap r e s u l t s  i n  f l u x  
l eakage  which i n  t u r n  lowers t h e  a t t r a c t i v e  f o r c e  between t h e  
magnet and a rmature .  
lndox V I r o n  P o l e  P i e c e  
I r o n  Armature o r  F l o o r  
F i g u r e  1 Bas ic  Magnetic C i r c u i t  
One i m p o r t a n t  f a c t o r  i n  t h e  d e s i g n  of a  permanent magnet i s  
t h a t  t h e  magnet s h a l l  be capab le  of p roduc ing  s u f f i c i e n t  magneto- 
mot ive  f o r c e  t o  overcome t h e  r e l u c t a n c e  of t h e  magnet ic  c i r c u i t  
and produce t h e  d e s i r e d  f l u x  throughout  v a r i o u s  e lements  of t h e  
c i r c u i t .  The magnet ic  c i r c u i t  i n  many c a s e s  must supp ly  a d d i -  
t i o n a l  magnetomotive f o r c e  over  and above t h a t  i n d i c a t e d  by t h e  
a i r  gap i t s e l f .  The t o t a l  magnetomotive f o r c e  i s  determined by 
add ing  t o g e t h e r  t h e  magnetomotive f o r c e  r e q u i r e d  f o r  t h e  p o l e  
p i e c e ,  geometry of t h e  a i r  gap,  t h e  s o f t  i r o n ,  and j o i n t  r e s i s -  
t a n c e .  
The magnetomotive f o r c e  r e q u i r e d  f o r  j o i n t s  i s  a  d i r e c t  
f u n c t i o n  of t h e  e f f e c t i v e  l e n g t h  of t h e  gap t imes t h e  f l u x  den- 
s i t y  i n  t h e  gap, I n  t h e  c a s e  of Indox V ,  w i t h  t h e  f l u x  d e n s i t y  
normal ly  des igned  t o  work i n  t h e  a r e a  of 3000-3500 gauss ,  poor 
j o i n t s  w i l l  r e q u i r e  a  c e r t a i n  p o r t i o n  o f  t h e  magnetomotive f o r c e  
produced by t h e  magnet. It should be n o t e d ,  however, t h a t  even 
w i t h  v e r y  good j o i n t s ,  t h e  e q u i v a l e n t  gap l e n g t h  would be about 
0.0015 i n c h e s ,  
The r e l a t i o n  of the magnetomotive f o r c e  r e q u i r e d  t o  p a s s  a 
g iven  f l u x  d e n s i t y  through a  s o f t  i r o n  p o l e  p i e c e  o r  a rmature  
can be developed a s  f o l l o w s :  
i f  b =  BA 
and 4 = FP 
then FP = BA 
but 
and B = -  
H 
substituting, - FBA - BA 
HL 
simplified, F = H L o r F  =z;- BL 
Here the magnetomotive force (F) has units of gilberts, the mag- 
netizing force (H) has units of oersteds, the length of the path 
(L) has units of centimeters, the flux density (B) has units of 
gauss, and the permeability ( M )  has units of maxwells/gilberts. 
The value of permeability (Y = B/H) can vary greatly depend- 
ing on the desired flux density. It can be readily realized from 
Table 1 and the formula F = - BL that it is desirable to work the 
A S  
soft steel or annealed iron at the lower flux densities since 
less magnetomotive force is required at that point. 
FLUX DENSITY (gauss) 
TABLE 1 PERMEABILITIES OF PIBE A ~ E A L E D  IRON nm COLD KOLLED 
STEEL AT VARIOUS FLUX DENSITIES 
11. ANALYSIS 
For  maximum p u l l  i n  zero-gap a p p l i c a t i o n s ,  t h e  a rmature  
t h i c k n e s s  shou ld  be a t  l e a s t  t h e  same r e l a t i v e  t h i c k n e s s  a s  t h e  
m i l d  s t e e l  p o l e  p i e c e  used w i t h  our  magnets. For a rmature  t h i c k -  
n e s s e s  l e s s  t h a n  t h i s ,  t h e  a rmature  m a t e r i a l  w i l l  become s a t u r a t e d  
and f l u x  l eakage  p a t h s  w i l l  deve lop .  When t h i s  happens ,  t h e  
a t t r a c t i v e  f o r c e  of t h e  magnet w i l l  d e c r e a s e  c o n s i d e r a b l y .  
For t h e  a n a l y s i s ,  we s h a l l  i n v e s t i g a t e  t h r e e  a rmature  
m a t e r i a l s :  vanadium permendur, p u r e  annea led  i r o n  ( s i m i l a r  t o  
c o b a l t  i r o n ) ,  and h o t  r o l l e d ,  low carbon s h e e t  meta l .  To d e t e r -  
mine t h e  t h i c k n e s s  r e q u i r e d  f o r  t h e  a rmature ,  we must f i r s t  
i n v e s t i g a t e  t h e  c h a r a c t e r i s t i c s  o f  t h e  permanent magnet assembly 
used i n  t h e  c i r c u i t .  
Bunting Magnet ics  o f  Chicago h a s  commercially a v a i l a b l e  a 
ceramic  assembly t h a t  w i l l  meet our  d e s i g n  s t a n d a r d s .  The r e s u l t s  
of a p u l l  t e s t  (F igure  2) w i t h  t h i s  magnet shows t h e  a t t r a c t i v e  
f o r c e  t o  be 77 .5  pounds a t  z e r o  gap and 16.2 pounds a t  a 1132- inch 
gap. From t h e  formula  N = 0.577 B ~ A ,  e x t r a c t e d  from Permanent 
Magnet Handbook (Ref.  I ) ,  we s e e  t h a t  t h e  p u l l  (N) i s  p r o p o r t i o n a l  
t o  t h e  f l u x  d e n s i t y  squared (BL) a t  t h e  p o i n t  of i n t e r f a c e .  For 
a drop i n  p u l l  from 77.5  pounds t o  16.2 pounds,  t h e  f l u x  d e n s i t y  
would d e c r e a s e  by a f a c t o r  o f  11 2 
= 0.457 
Gap, Inches 
BM-4974 PULL CNABACTERISTPC CURVE 
F i g u r e  2 
T h i s  means f o r  t h e  p a r t i c u l a r  assembly from Bunting Magnet ics  
( p a r t  number BM4974), t h e  t h i c k n e s s  of t h e  a rmature  ( i f  made 
from t h e  same m a t e r i a l  a s  t h e  p o l e  p i e c e )  cou ld  be 0.457 a s  
t h i c k  a s  t h e  p o l e  p i e c e  (0.1046 i n c h e s )  t o  m a i n t a i n  t h e  16.2 
pound a t t r a c t i v e  f o r c e .  I f  t h e  a rmature  m a t e r i a l  was changed 
from low carbon s h e e t  m e t a l  t o  a  m a t e r i a l  w i t h  h i g h e r  permeance 
c h a r a c t e r i s t i c s ,  t h i s  f a c t o r  would become s m a l l e r  y e t .  With a  
magne t iz ing  f o r c e  o f  10 o e r s t e d s  ( t h e  magnet i n d u s t r y  u s e s  2.5- 
1 0  o e r s t e d s  a s  a  d e s i g n  s t a n d a r d )  a c t i n g  on t h e  a rmature ,  we 
f i n d  from F i g u r e  3 a n  i n d u c t i o n  o f :  
1. Vanadium Permendur -- 16.7 kgauss  
2. Pure  I r o n ,  Annealed -- 16 .5  kgauss  
3 .  H.R.,  Low Carbon Shee t  Metal  -- 14.0 kgauss  
I f  we used p u r e  annea led  i r o n  i n s t e a d  of low carbon s h e e t  m e t a l ,  
t h e  f a c t o r  would be 
The t h i c k n e s s  o f  t h e  a rmature  would t h e n  be 
t = (0.388) ( th - ickness  o f  p o l e )  
= (0.388) (0.1046) 
t = 0.0406 i n c h e s  
The r e s u l t s  of a  s e r i e s  o f  t h e s e  c a l c u l a t i o n s  i s  shown on F i g u r e  
4. It shows t h e  a rmature  t h i c k n e s s  r e q u i r e d  t o  o b t a i n  c e r t a i n  
a t t r a c t i v e  f o r c e  l e v e l s  f o r  t h e  p a r t i c u l a r  magnet assembly used  

Armature Thickness  f o r  Pure  Annealed I r o n  ( i n , )  
ARMATURE DESIGN CURVE FOR BM-4974 MGNET ASSEMBLY 
F i g u r e  4 
i n  our  s h u f f l e r s .  The d e s i g n  p o i n t  f o r  our  s h u f f l e r s  i s  shown on 
t h e  curve.  
T h i s  a n a l y s i s  i s  based on t h e  assumption t h a t  t h e  f l u x  p a t h  
through t h e  a rmature  i s  a  s t r a i g h t  p a t h  from t h e  p o l e  p i e c e .  T h i s  
i s  n o t  e n t i r e l y  t r u e ,  however, s i n c e  t h e  l i n e s  o f  f o r c e  tend t o  
bow outward. The e x a c t  p a t h  can o n l y  be e s t i m a t e d ,  b u t  i t  i s  
c l e a r  t h a t  t h e  c r o s s - s e c t i o n  a r e a  o f  t h e  f l u x  p a t h  w i l l  become 
l a r g e r  a s  t h e  f l u x  l i n e s  d e v i a t e  from t h i s  s t r a i g h t  l i n e  p a t h .  
The t e s t i n g  r e s u l t s  o f  F i g u r e  5 show t h a t  t h e  a rmature  t h i c k n e s s  
can be reduced by a  l i t t l e  over  25 p e r c e n t  due t o  t h i s  c h a r a c t e r -  
i s t i c .  These c u r v e s  were developed on a  t e n s i l e  t e s t  machine f o r  
low carbon s h e e t  m e t a l  w i t h  t h i c k n e s s e s  of 0.020 and 0.030 i n c h e s ,  
The 0.030-inch a rmature  met d e s i g n  s t a n d a r d s  of 15 pounds a t t r a c -  
t i o n  w i t h  a  1 / 6 4 - i n c h  gap. 
I n t r o d u c i n g  any a i r  gap between t h e  magnet and a rmature  
w i l l  g r e a t l y  reduce  t h e  a t t r a c t i v e  f o r c e  of a  magnet, T h i s  i s  
e s p e c i a l l y  t r u e  f o r  a  ceramic assembly,  a s  shown i n  F i g u r e s  1 
and 5. 
The p r e c i s e  mathemat ica l  c a l c u l a t i o n  of t h e  permeance of 
f l u x  p a t h s  th rough  a i r ,  excep t  i n  a  few s p e c i a l  c a s e s ,  i s  a  
p r a c t i c a l  i m p o s s i b i l i t y .  T h i s  i s  because t h e  f l u x  does  n o t  
u s u a l l y  c o n f i n e  i t s e l f  t o  any p a r t i c u l a r  p a t h  which h a s  a  s imple  
mathemat ica l  law, For t h i s  r e a s o n ,  computat ions  a r e  c a r r i e d  o u t  
by making s i m p l i f i e d  assumptions  f o r  p r o b a b l e  f l u x  p a t h s ,  
0 -007 0 .0140 .0210 .0280 ,, 0350 
Gap - Inches 
BM-4974 PULL C-WKACTERZSTIC CURVE COWARING CALCUEATEB AND 
EWIRICAL R E S a T S  
Figure  5 
The f i r s t  s t e p  i n  the  a p p l i c a t i o n  of t h i s  method i s  t o  
break the magnetic f i e l d  i n t o  f l u x  pa ths  which a r e  of simple 
shape and s t i l l  probable.  The word "probable" a s  used here  
means t h a t  t h e  assumed pa th  i s  s u f f i c i e n t l y  s i m i l a r  t o  the t r u e  
p a t h  i n  t h a t  the  permeance determined from the  mean length  and 
a r e a  w i l l  be somewhat c l o s e  t o  the  t r u e  va lue .  The "somewhat 
c lose"  of the l a s t  sen tence  i s  purposely vague. Some of the  
assumed pa ths  w i l l  have higher  est imated permeances than  those 
of the  t r u e  pa ths  and o t h e r s  w i l l  have lower permeances, but a s  
t he  e n t i r e  pa th  i s  broken i n t o  seve ra l  assumed p a t h s ,  chances 
a r e  t h a t  the e r r o r  i n  e s t ima t ing  w i l l  tend t o  balance out .  The 
fo l lowing  formula i s  used t o  determine permeance wi th  t h i s  
method : 
Here A i s  t he  c ros s - sec t ion  a rea  of the  f lux  leakage pa th  i n  
square cen t ime te r s ,  L i s  the  average l eng th  of the  leakage pa th  
i n  cent imeters ,  and ,U i s  the  permeabil i ty .  For a vacuum, i n  
t h e  CGS me t r i c  system, /u- i s  equal  t o  1.0, and it  i s  e s s e n t i a l l y  
t he  same f o r  a i r .  A more d e t a i l e d  d e s c r i p t i o n  of t h e  more com- 
p l ex  pa ths  i s  given by H. C .  Roters  i n  Chapter 5 of h i s  book 
e n t i t l e d  "Electromagnetic Devices". 
The armature t h i ckness  could only be reduced below 0.030 
inches  by a l t e r i n g  the  phys i ca l  c h a r a c t e r i s t i c s  of t he  ceramic 
assembly. Maintaining the  same a rea  of c o n t a c t ,  we could 
d e c r e a s e  t h e  p o l e  t h i c k n e s s  and i n c r e a s e  i t s  width .  T h i s  would 
d i s t r i b u t e  t h e  f l u x  load  over  a  l a r g e r  p o r t i o n  of t h e  f l o o r  and 
a l l o w  u s  t o  d e c r e a s e  t h e  f l o o r  t h i c k n e s s .  T h i s ,  however, would 
l e a v e  u s  w i t h  a  magnet d e s i g n  t h a t  would n o t  f i t  i n t o  t h e  s h u f -  
f l e r  w i t h o u t  m o d i f i c a t i o n  o f  i t s  s h o e - l i k e  appearance.  A t  p r e s e n t  
we have t h e  l a r g e s t  magnet commercially a v a i l a b l e  t h a t  w i l l  b o t h  
f i t  i n  t h e  s h u f f l e r  and meet d e s i g n  s t a n d a r d s .  
111. CONCLUSIONS 
We have found vanadium permendur to be very susceptible to 
impact as far as retaining its high permeability characteristics; 
therefore, our recommendation is that the floor design incorporate 
a smooth, annealed, pure iron material with a thickness of 0.030 
inches. This particular floor material used in conjunction with 
the ceramic magnetic assemblies embedded in the shufflers will 
give the lightest weight floor configuration that will still 
meet the design requirements set forth in the final report of 
Contract NAS 9-9336. 
The floor material can be procurred from Steel Sales in 
Chicago under the trade name "magnetic iron". The typical 







2 5, N = 0.577 B A (where the constant 0.577 is a conversion 
factor, A has units of square inches, and B has units 
of kilogauss) 
SYMBOLS 
cross section area of flux path perpendicular to lines of 
flux, square centimeters 
flux density, gauss or maxwells per square centimeter 
magnetomotive force, gilberts 
magnetizing force, oersteds 
length of flux paths, centimeters 
pull of magnetic on ferrous surface, pounds 
permeance, maxwells/gilberts 
flux or lines of force, maxwells 
permeability, gauss/oersteds 
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